ABSTRACT: This review highlights the presence and ecological roles of fungi in lakes, and aims to stimulate research in aquatic mycology. In the study of lentic systems, this field is an almost completely neglected topic and, if considered at all, has often been restricted to specific groups of fungi, such as yeasts, filamentous fungi (e.g. aquatic hyphomycetes), or phycomycetes (an obsolete taxonomic category that included various fungal and fungal-like organisms). We document that aquatic fungi are common in various lentic habitats. They play potentially crucial roles in nutrient and carbon cycling and interact with other organisms, thereby influencing food web dynamics. The development and application of molecular methods have greatly increased the potential for unraveling the biodiversity and ecological roles of fungi in lake ecosystems. We searched the literature for reports on all fungi occurring in lake ecosystems. The present study summarizes information on the highly diverse mycoflora in lake microhabitats and highlights the main processes they influence. We also point out ecological niches of fungi in lakes that have been examined only superficially or ignored completely. We demonstrate that we now have the methodology to perform systematic studies to finally fill in some of the large gaps in this field.
INTRODUCTION
Water moulds have been known since the Middle Ages, and ichthyologists fear them as parasites of fishes and their spawn. In the middle of the nineteenth century, chlorophyll-free microplants with rhizoids and zoospores were discovered on several algae and substrates (Braun 1856). They were called phycomycetes, a now obsolete category that included Chytridiomycetes, Hyphochytridiomycetes, Plasmodiophoromycetes, Oomycetes, Zygomycetes, and Trichomycetes. In the 1940s, C. T. Ingold isolated and described many filamentous fungi, whose spore morphologies were adapted to dispersal in running waters followed by attachment to plant detritus, such as leaves. They have become known as aquatic hyphomycetes or 'Ingoldian fungi'. At that time, phycomycetes were the focus of most investigators, including Ingold's former students H. Canter-Lund and J. W. G. Lund. Many publications addressed the biodiversity and ecology of zoosporic fungi, and Sparrow (1960) published keys to all known species, together with ecological data, in his monograph 'Aquatic Phycomycetes'. Later Sparrow assembled the ecological knowledge of all aquatic fungi in a comprehensive review (Sparrow 1968) . A detailed view on lower aquatic fungi was later provided in Jones (1976) . Interest switched to aquatic hyphomycetes in lotic systems once they were identified as major participants in the food web. Lake ecosystems, however, remained largely neglected. Further insights into biodiversity and ecology of higher aquatic fungi in general are found in Goh & Hyde (1996) , Wong et al. (1998) , Shearer et al. (2007) , and, most recently, Gleason et al. (2008) for lower fungi and Gulis et al. (2009) for littoral fungi. We also refer the interested reader to Jones (1976), Canter-Lund & Lund (1995) , and Sigee (2005) .
Evolution of fungi in aquatic habitats
A major problem one encounters when reviewing literature on aquatic fungi is that often only one group is addressed and all others are neglected. For example, after several decades of intensive research on leaves decaying in streams, much is known about aquatic Hyphomycetes, and they are widely regarded as dominating this process. Recently, however, molecular methods have revealed an astonishing diversity of fungi belonging to other groups (Nikolcheva & Bär-locher 2004) , suggesting a hitherto unknown ecological role of these taxa. Similar serendipitous discoveries were made in pelagic environments and sediments of lakes (see 'Pelagic zone' and 'Profundal zone and sediment' sections below). The Kingdom Fungi was only recognized some 40 yr ago, and its diversity is vastly understudied (only approximately 7% of total estimated species have been described; Mueller & Schmit 2007) . According to Shearer et al. (2007) there is an urgent need for better documentation of the numerous undescribed species, especially in aquatic habitats. Only recently has a consistent fungal tree of life been generated (Lutzoni et al. 2004 , James et al. 2006 , and it excludes several phylogenetic groups formerly considered fungi, e.g. Oomycetes and various slime molds. These groups will nevertheless be included in our review, as they often occupy similar niches to those occupied by true fungi (Sparrow 1968) .
Based on their evolutionary history, fungi in aquatic habitats are either primarily (Chytridiomycetes) or secondarily adapted to life in water (aquatic hyphomycetes, yeasts). In addition, primarily terrestrial forms (various fungi imperfecti, endophytes) are found in lakes, suggesting that their occurrence is not necessarily restricted to a single habitat by stringent morphological or physiological adaptations. Like Oomycetes (fungus-like organisms belonging to the Kingdom Chromista), Chytridiomycetes (Kingdom Fungi ) possess chemotactic, flagellated zoospores, which can disperse in the water column (Sparrow 1968) . They are located at the base of the fungal phylogenetic tree, which means they had a window of 900 to 480 million years (Heckman et al. 2001) to potentially colonize and adapt to all aquatic habitats and niches. They may well be ubiquitous within freshwater ecosystems (as uniquely demonstrated in Sparrow 1960 ) (see Fig. 1 ) but have often been overlooked (Powell 1993 , Canter-Lund & Lund 1995 or misidentified, e.g. as flagellates (Lefèvre et al. 2007 ). In contrast, aquatic hyphomycetes and yeasts are secondary invaders of aquatic habitats and are polyphyletically scattered in the fungal tree. Aquatic hyphomycetes and other filamentous terrestrial forms generally need a solid substrate and use the water column only for dispersal of their propagules, whereas yeasts are potentially found everywhere including the pelagic zone. Algae and other aquatic organisms (661 species) on which at least one species of lower aquatic fungi has been found. The following substrates have been excluded: pollen, seeds, plants, twigs, fruits, exuviae, cellulose, chitin, keratin; after Sparrow (1960) Terrestrial fungi are often passively introduced into lakes in the form of high loads of fungal propagules via inflowing streams, rainwater, and wind (Smirnov 1964) . However, it is often unclear whether such fungi, lacking typical morphological adaptations, are terrestrial or truly aquatic. For example, species of Aspergillus and Penicillium are among the most common fungal isolates from terrestrial, freshwater, and marine environments, even from deep-sea sediments. Some are active and partially adapted to aquatic habitats. Conversely, truly aquatic fungi have been found active in several terrestrial habitats. Park (1972) provides a useful characterization of such fungi based on their activity, ranging from indwellers (with constant to no activity) to transients (no activity). His main conclusion is that there may be no simple and exclusive division of microorganisms into aquatic and non-aquatic types.
Terrestrial filamentous fungi are the main decomposers and producers of humic matter, and play a dominant role in the remineralization of nitrogen. In aquatic systems, however, they cannot rely on their hyphal growth and have to compete with many other heterotrophs, especially prokaryotes. Since Bacteria and Archaea occur at high cell densities (10 5 to 10 7 cells ml
in open water and 10 9 to 10 11 cells g -1 in sediments), they rapidly take up labile dissolved organic matter (DOM) as soon as it becomes available. In contrast, cell numbers or biomasses of aquatic fungi are much lower in the open water or in sediments, and high abundances are probably restricted to particles such as litter. For example, yeast cells in the pelagic zone (as a counterpart to free-living bacteria) have an average annual density of 0.7 colony-forming units (CFU) ml -1 in a nonpolluted lake (Woollett & Hedrick 1970) , and 0 to 0.25 CFU ml -1 in Patagonian waters (Libkind et al. 2003) , and there is no evidence that free-floating fungal colonies occur in the water column. This suggests that eukaryotic fungi have less of an impact than bacteria in aquatic systems unless (1) the microhabitat is relatively constant over time (d) -e.g. in stagnant water, biofilms, and on surfaces; in matrices or steep spatial gradients (e.g. litter) (Sampaio et al. 2007 ); on algae (Kagami et al. 2007) ; in aggregates and extracellular polysaccharides (Masters 1971 ) -, (2) the nutrient source is highly recalcitrant and/ or requires specific enzymes -e.g. polyaromatic hydrocarbons (MacGillivray & Shiaris 1993 , Giraud et al. 2001 , Augustin 2003 , humic matter (Claus & Filip 1998) , chitin (Reisert & Fuller 1962) , and lignocellulose (Fischer et al. 2006 ) -, (3) fungi participate in specialized interspecies relationships: mutualism (Gimmler 2001) , commensalism (Lichtwardt 2004) , parasitism (Whisler et al. 1975 , Ibelings et al. 2004 ), and predation (Barron 1992 .
In nature, more than one of the abovementioned conditions may apply and favor a fungal life-style characterized by hyphal nutrient absorption. The hyphal cell wall consists of multiple layers of different polysaccharides (Durán & Nombela 2004) , which render it very stable and highly absorbent. Incorporation of melanin further increases its stability and tolerance of various environmental stresses (reviewed in Nosanchuk & Casadevall 2003) . Not surprisingly, fungi are often found in disturbed areas with high anthropogenic loads (industrial and municipal wastes, sewage treatment plants) (see e.g. Cooke 1976 , Weber et al. 2009 ); however, they also occur under ultraoligotrophic conditions, such as in a water distillation apparatus (reviewed in Wainwright 2005) . Some fungi may use small airborne compounds to grow, which again suggests a highly effective nutrition acquisition strategy. There is even a suggestion that some fungi may be partially autotrophic, i.e. they gain energy from sources other than organic compounds, e.g. from ionizing radiation (Dadachova et al. 2007 ).
Fungal occurrence in specific lake habitats
Searching the literature for fungal occurrence or activity in lakes is like fishing in these lakes using the wrong bait. Most publications are widely dispersed among various biological disciplines, and fungi appear only on the fringes. Lakes are highly structured into different zones, and each zone can harbor specific animal, plant, and fungal communities. At the outset, and of particular relevance for fungi, it is important to distinguish between open-water habitats and shallow, highly structured lake zones that are dominated by macrophytes and periphyton, directly connected to terrestrial influences. Due to its greater supply of organic matter, the littoral zone is a hot spot for all kinds of fungi, whereas the pelagic zone harbors only highly specialized species or serves as a medium for the dispersal of propagules.
Littoral zone
The littoral area in lakes is a transition zone between terrestrial and aquatic habitats. It often merges into a marsh, a type of wetland subject to frequent or continuous flooding. It is a biodiversity hot spot and home to many aquatic and terrestrial fungi as well as a place where many energy transformation processes take place. Stony supralittoral areas support a highly diverse lichen flora specifically adapted to lake shores. The supralittoral zone can be further divided into subzones for lichens based on differential 'splash zones'. The occurrence of lichens also correlates with water pH and alkalinity (Gilbert & Giavarini 2000) . Sub-merged lichens are rarely found in lentic waters. They are amphibious and generally restricted to cold alpine lakes in zones with wave action (H. Thüs pers. comm.). However, very recently lichens were found in Lake Baikal, Russia, covering rock surfaces occasionally down to water depths of 7 m (Kulikova et al. 2008) . In addition to lichens, zoosporic fungi and fungal-like organisms are found in supralittoral soils (Sparrow 1968 and references therein, Ali & Abdel-Raheem 2003) . 'Aero-aquatic' fungi form another group of mitosporic fungi adapted to frequent drying and wetting cycles (Webster & Descals 1981) . These fungi grow on plant detritus in water and mud at low oxygen levels but need air exposure for reproduction. Along dystrophic lake shores, the decomposition of sphagnum may be mediated by fungal organisms, which serve as a food source for arthropods (Smirnov 1961) . The supralittoral and upper eulittoral zones serve as a habitat for emergent macrophytes, the major carbon source in these zones. Over 600 fungal species have been recorded from the common reed Phragmites australis (compiled by Gessner & van Ryckegem 2003) , and other emergent macrophytes have also been a rich source of fungal taxa (Ellis & Ellis 1985) . Studies of roots from other aquatic macrophytes revealed endomycorrhizae belonging to the Glomeromycota (an obligatory symbiotic fungal phylum) or dark septate endophytes in approximately 25% of all examined plant species (Beck-Nielsen & Vindbaek Madsen 2001 , Kai & Zhiwei 2006 ) with some infection rates over 90% (Farmer 1985) . Molecular techniques applied to Spartina alterniflora (Buchan et al. 2002 , Torzilli et al. 2006 or to P. australis (Wirsel et al. 2001 , Neubert et al. 2006 ) revealed a high fungal diversity. The diversity of endophytes in P. australis shoots alone was astonishingly high: by restriction fragment length polymorphisms (RFLP) of internal transcribed spacer (ITS) clones, Neubert et al. (2006) identified over 350 distinct operational taxonomic units (OTU). Total richness was extrapolated to be 750. Several of the sequenced OTUs represented undocumented fungal species.
Additionally, dead materials from macrophytes and allochthonous litter such as leaves, twigs, and wood accumulate in the littoral, and decomposition processes take place. Aquatic hyphomycetes have been found among other fungal groups at high abundances on leaf litter (Nilsson 1964 , Casper 1965 , and there is a naturally high fungal diversity on all kinds of dead macrophytes and plant litter including their aufwuchs in lakes (Casper 1965 , Sparrow 1968 , El-Hissy et al. 1990 , Czeczuga 1991 , Hyde & Goh 1998 , Wong et al. 1998 , Cai et al. 2002 , Luo et al. 2004 , Orlowska et al. 2004 , Czeczuga et al. 2005 , Nechwatal et al. 2008 . In addition to plant litter, there is a substantial influx of dead animals, insects, feathers, exuviae, fish-spawn, pollen, spores, and seeds. All these materials are readily colonized and degraded, often by zoosporic fungi (Sparrow 1960 (Sparrow , 1968 . In several studies, very diverse mycofloras were documented on every abovementioned substrate in several standing and running waters (see e.g. Czeczuga et al. 2002) .
The benthic and periphytic habitats have not been systematically examined for the presence and roles of fungi, although it is generally taken for granted that fungi contribute to biofilm processes. The euphotic part of the benthic community is often dominated by large algal mats that are susceptible to parasitic and saprophytic fungi. When they become detached and form floating rafts, they are often heavily colonized by several fungi (Zopf 1884). These mats can also serve as surface for epiphytic predatory fungi, which trap nematodes, rotifera, and tardigrada (Sommerstorff 1911) . Other fungal prey items known from terrestrial habitats are copepods, springtails, amoebae, bacteria, and other fungi (Barron 1992) . Predatory fungi are common in shallow areas as part of the benthos in nearly all lake ecotypes from Antarctic lakes to sewage ponds (Cooke 1976 , McInnes 2003 , Hao et al. 2005 . Direct observations of biofilms in sewage plants revealed that fungi make a significant contribution to trickling filters (Cooke 1976) , and recent molecular and phospholipid fatty acids (PFLA) analyses revealed fungal residents in a living microbial mat (Cantrell et al. 2006) . The appearance of fungi in biofilms is also supported by considerations on biogenic mineral transformations (Gall et al. 1994 , Gadd 2007 .
In the benthic zone there is also a stable population of mainly trichomycete endosymbionts in the guts of saprotrophic and herbivore aquatic arthropods (e.g. in chironomids) (see Lichtwardt 2004) . Interestingly, in a recent mesocosm study with extremely high zooplankton numbers, Zygomycetes related to Entomophthorales represented 14% of all eukaryotic clones from cells in the size fraction 0.2 to 5 µm (Lepère et al. 2007 ). This raises the possibility of a currently unknown role of this group in zooplankton populations.
Pelagic zone
Fungi of the genus Coelomomyces (Blastocladiomycota) have a life cycle alternating between the littoral and pelagic zones. They are all obligate endoparasites (Sparrow 1960 ) with 2 alternate hosts: a member of the Diptera, e.g. midge or mosquito larvae, and a planktonic copepod (Whisler et al. 1975) . The parasitic lifestyle is common in the pelagic zone (Sparrow 1968 , Gleason et al. 2008 , where phytoplankton and zooplankton are a main food source. However, most pela-gic fungi are likely facultative parasites or saprotrophs (Sparrow 1960 ) that quickly exploit any opportunity to scavenge nutrients. The dominant planktonic fungi are zoosporic chytrids. They have adapted to the pelagic life by actively swimming between substrates. They compensate for their losses by producing large numbers of asexual spores and by forming resting spores.
These fungi (most likely including the novel LKM11 clade) (van Hannen et al. 1999 ) have long been recognized as prominent members of plankton communities in lakes (Sparrow 1960) , and several reviews and book chapters have explained their role as parasites and their influence on algal succession (Sparrow 1960 , Masters 1976 , van Donk & Bruning 1992 , Canter-Lund & Lund 1995 , Ibelings et al. 2004 , Sigee 2005 , Kagami et al. 2007 ). Most studies focused on the diatom Asterionella formosa and its parasite Zygorhizidium spp. The genetic diversity of the host provides some protection against fungal infections and is an interesting model system for the Red Queen hypothesis (de Bruin et al. 2008) . Microscopical studies have documented the seasonal occurrence of fungal parasites and their dependence on phytoplankton densities throughout the year (van Donk & Ringelberg 1983 , Holfeld 1998 . The same pattern was shown for fungal OTUs, which were most numerous when chlorophyll a (chl a) concentration reached its maximum (Lepère et al. 2006) . Chytridiomycetes can be highly substrate-, alga-, or cell-stage specific, and they feature a set of exoenzymes allowing them to attack the most common polymers in the pelagic zone. However, due to their short generation times, their appearance is sporadic and patchy (Sparrow 1968 , Masters 1976 ) and strongly dependent on environmental factors such as substrate density, light, temperature, and oxygen (Masters 1976 , van Donk & Bruning 1995 , Holfeld 1998 , Ibelings et al. 2004 . Under certain circumstances, e.g. during an algal bloom, a mass development of one fungal species is observed and is often followed by its complete disappearance (Alster & Zohary 2007 ). This interaction is not necessarily parasitic (Alster & Zohary 2007) , and the question of whether the collapse of the algal bloom is caused by the fungus cannot be answered in situ simply by tracking the 2 populations. Canter-Lund & Lund (1995) extensively studied planktonic fungi on and in algae and give a good overview on algal-associated fungi.
The fungal flora on zooplankton is less diverse than that on algae (Ebert 2005 , Johnson et al. 2006 , because this niche seems to be mostly occupied by Oomycete species (Kingdom Chromista) (Sparrow 1968 , Miao & Nauwerck 1999 . Zooplankton carcasses and exuviae form part of planktonic aggregates known as lake snow and are potential fungal habitats. These aggregates provide surfaces that are readily colonized. Fungi may play a role in decomposing zooplankton carcasses (Tang et al. 2006 ), and we found them colonizing exuviae and algal aggregates in the water column, sometimes at high abundance (Fig. 2) . Aggregates may slowly sink to the lake bottom, where oxygen becomes more and more depleted. Much less is known about these anoxic lake water layers. Rosa et al. (1995) described a shift in yeast isolates presumably due to oxygen limitation, resulting in a decrease of aerobic species that may dominate in surface waters (Ahearn et al. 1968 ). Compared to the oxic epilimnion, fungal diversity in the oxicline itself can occasionally still be very high (Lefèvre et al. 2007 ), but to date no evidence for fungal organisms in the suboxic hypolimnion has been found (see e.g. Slapeta et al. 2005) .
Filamentous fungi are thought to be absent in open water, which serves as an important dispersal medium for their propagules. The main representatives of higher fungi in open water are unicellular yeasts. Their potential to divide relies on access to nutrients in their immediate microenvironment. In pelagic water, even in marine systems, there is a stable population of yeasts at relatively low densities (Ahearn et al. 1968) . For many years it was assumed that yeasts are transients washed in from the phylloplane or the littoral zone, but there is now clear evidence for their more or less permanent residence in open water. In addition to Cryptococcus sp., several red and black yeast species occur in lake surface water (van Uden & Ahearn 1963 , Woollett & Hedrick 1970 , Slavikova et al. 1992 , Rosa et al. 1995 , Libkind et al. 2003 , Lefèvre et al. 2007 , and their production of photoprotective compounds is thought to be one of their adaptations as residents of surface waters (Libkind et al. 2006 ). The yeast cell number correlates with the trophic status of the water body, ranging from oligotrophic to hypertrophic, and varies between 0.5 and 47 CFU ml -1 (annual averages) (Woollett & Hedrick 1970) . Selected species can be used as bioindicators for several kinds of anthropogenic pollution in aquatic environments (Hagler 2006 and references therein). However, species composition and abundance exhibit a pronounced patchiness between samples as well as between water depths (van Uden & Ahearn 1963 , Hedrick et al. 1964 , Medeiros et al. 2008 . High numbers of yeasts have also been found at greater depth and close to the lake bottom (Hedrick et al. 1964 , Hedrick & Soyugenc 1967 . However, the specific lake conditions that favor their growth are still unknown.
Profundal zone and sediment Wong et al. (1998) addressed the question whether fungal residents can be found at the lake bottom. Plating sediment samples yields fungal colonies (Collins & Willoughby 1962 , Tong et al. 2005 ), but it is often diffi-cult to determine their origin or even to identify them based on morphology (Collins & Willoughby 1962 , Tubaki 1973 . Sediments serve as seedbank for resting spores of not only aquatic fungi but also of various terrestrial species. In the upper sediment layers, the response to antibiotic addition suggested a possible heterotrophic fungal activity in this habitat (Flegler et al. 1974) . Oxygen, if present, is restricted to the uppermost cm of lake sediments. Fungi are generally thought to be aerophilic, but several species from all fungal phyla can withstand or remain active under anoxic conditions (Scupham et al. 2006) . In sewage plants, the 2 fungal groups typical for the pelagic zone (see section 'Pelagic zone' above) occur in anoxic sites and can grow fermentatively: the Chytridiomycetes (Gleason 1976 ) and the yeasts (Cooke & Matsuura 1963) . Active chytrids were found parasitizing algal resting spores (Canter & Heany 1984 , Canter-Lund & Lund 1995 , and, more recently, PFLA analysis demonstrated fungal presence (dominating among eukaryotes) in the sediment (Goedkoop et al. 2005 , Widenfalk et al. 2008 . Ergosterol measurements estimated fungal biomass at 659 µg C g -1 dry wt (Goedkoop et al. 2005 ). Many lake sediments connect with an aquifer through the interstitial. Aquifers seem to be a natural habitat for fungi (Ekendahl et al. 2003 , Krauss et al. 2005 , with an often astonishingly high diversity of yeasts and lower fungi (Brad et al. 2008) . Hence, aquifers are potentially important for dispersal of fungal propagules between limnetic systems and should be kept in mind.
Near the lake margin the fungal community in the sediment is enriched by littoral species (Collins & Willoughby 1962 , Sparrow 1968 , Ali & Abdel-Raheem 2003 . In 2 studies, clone libraries from lake and pond sediments revealed that fungi from freshwater and even brackish sediments are the most diverse eukaryotic group in these habitats (Dawson & Pace 2002 , Luo et al. 2005 . Clones from pond sediments belonged primarily to Chytrids and yeasts (Slapeta et al. 2005) . Another study from a similar habitat yielded almost exclusively sequences from the LKM11 clade (Luo et al. 2005) . However, these studies were based on just 4 random samples from sediments in very small ponds with unknown environmental conditions (Luo et al. 2005 , Slapeta et al. 2005 . Hence, these data are preliminary but should encourage limnologists and microbiologists to pursue more detailed investigations. Overall, knowledge on fungi in lake sediments is very scarce, and there is a great need for more thorough and systematic studies.
Fungi in different lake ecotypes
In general, a low pH seems to favor certain fungal strains over bacteria. In a mine drainage biofilm, Eurotiomycetes and Dothideomycetes were found (Baker et al. 2004) , and in acid mine lakes, the gut contents of chironomid larvae feeding as benthic collectors consisted primarily of fungi and bacteria (Rodrigues 2001) . No systematic studies are available on benthic or pelagic fungi, although the presence of such fungi is obvious and well recognized (Gross & Robbins 2000 , Russo et al. 2008 . Most dystrophic lakes in boreal regions or peatlands exhibit a naturally acidic pH. Sparrow (1968) described bogs as one of the richest sources of bizarre types of chytrids. Peatland itself was recognized as a source for diverse fungal species (see e.g. Thormann 2006 , Thormann et al. 2007 , Artz et al. 2007 ), yet no systematic mycological studies have been conducted on bog lakes. The situation is even worse for al- kaline lakes. In the alkaline and saline Mono Lake (California), no fungi could be isolated from littoral water samples by plating (Steiman et al. 2004 ), but, to our knowledge, this is the only published survey. From saline lakes, halotolerant black yeasts and other species could be isolated regularly (Mallea 1992 , Zalar et al. 1999 , Butinar et al. 2005 , Zalar et al. 2005 , Cantrell et al. 2006 , and some of them are now considered indigenous (Gunde-Cimerman et al. 2000) . There are 2 startling reports from saline lakes: first, the discovery of filamentous fungi as active members of a saline microbial mat, demonstrated by PFLA and genetic analysis (Cantrell et al. 2006 ) and second, the appearance of lower fungi (Zygomycota and Chytridiomycota) in clone libraries from the anoxic sediment of Lake Namako-ike, Japan (Takishita et al. 2007 ). Both habitats deserve further study as potential fungal habitats.
ECOLOGICAL ROLE OF FUNGI IN LAKE ECOSYSTEMS
The ecology of fungi is structured by responses to the abiotic environment and interactions with other biota, which can lead to very successful, permanent associations, as is the case with lichens. Obligate biotic interactions already occur in the basal fungal phylum of the Chytridiomycota, whose members often depend on living or dead host materials. Table S1 in the supplement (available at: www.int-res.com/articles/ suppl/a059p125_app.pdf) gives a comprehensive overview on the diverse interactions of aquatic fungi.
Decomposition process of particulate organic matter (POM)
In terrestrial ecosystems, fungi are widely accepted as the dominant decomposers of plant matter, especially of highly recalcitrant lignocellulosic fibers. This is also true for lotic systems, and fungi introduce allochthonous leaf litter compounds into the food web of streams. Current knowledge of fungal ecology in lakes, however, is very rudimentary, with only a few studies having examined fungi on allochthonous leaf litter in lakes (Nilsson 1964 , Casper 1965 , Mishra & Tiwari 1983 , Baldy et al. 2002 , Pabst et al. 2008 . Depending largely on lake size and on the surrounding vegetation, allochthonous leaf litter carbon may contribute the equivalent of up to 10% of phytoplankton production in small lakes (Gasith & Hasler 1976) . In a medium sized lake (425 ha), leaf litter carbon input was estimated as 3% of the phytoplankton production (Casper et al. 1985) . If most of the allochthonous leaf litter is deposited within 10 m of the shoreline (Hanlon 1981) , it can become a main energy source for the food web in that littoral zone. For example, in small litter accumulating bays of Lake Stechlin, Germany, values of heterotrophic activity 20-to 100-fold higher than in the pelagic zone could be observed (Babenzien & Babenzien 1985) , and if we calculate the mean leaf litter carbon input for the first 10 m from the shoreline of Lake Stechlin, it accounts for 70% of the phytoplankton production. Not considered here are submerged and emerged macrophytes, whose contribution to lake metabolism can be substantial and which serve as deliverers of POM in the littoral zone (see 'Reed and macrophytes decomposition', below). This littoral POM can be subdivided into coarse particulate organic matter (CPOM) and readily dispersable fine particulate organic matter (FPOM), which serve as food for consumers in the littoral and pelagic zones (Preston et al. 2008 ) (see also Fig. 3 ). In oxygen-rich, wave-impacted zones, litter is colonized and conditioned by fungi and mechanically disintegrated by invertebrates (primarily by shredders and scrapers) and wave action (Baldy et al. 2002 , Bohman 2005 , Pabst et al. 2008 . In contrast, litter deposited in sheltered areas decomposes under low oxygen conditions. This shifts the community to more anaerotolerant fungi (e.g. aero-aquatic hyphomycetes, yeasts), resulting in a lower decomposition rate (Chergui & Pattee 1990 , Baldy et al. 2002 , Medeiros et al. 2009 ). Consequently, the decomposition of allochthonous POM largely depends on the lake shape, the extent of the littoral zones, and its exposure to wind. Which fungal groups are involved in the various scenarios still remains a mystery.
Reed and macrophytes decomposition
Marshes and shallow littoral zones have long been recognized as being among the most productive ecosystems (Westlake 1963 , Mitsch & Gosselink 2000 . Production is dominated by genera such as Typha, Phragmites, Scirpus and Spartina ). The contribution of such vascular plant remains to energy flow in lakes depends on the extent and depth of littoral and transitional zones. In a global survey of standing water bodies, Wetzel (1990) demonstrated that most lakes are small (<1 km 2 surface area) and shallow (<10 m mean depth). The ratios of perimeter to area and area to volume are high, thus increasing the importance of coupling between different habitat types (Schindler & Scheuerell 2002) . In the few documented cases, the contribution of vascular plant remains to lake metabolism has ranged between 10 and 75% (Webster & Benfield 1986) .
Consumption of living macrophytes is usually minimal, and the bulk of the primary production enters the detrital (non-living) carbon pool (Teal 1962 , Newell 1993 . Decomposition of detritus is initiated by microorganisms. Early studies of this process adopted the approach pioneered by terrestrial ecologists (e.g. Falconer et al. 1933 , Luni 1933 : plant material was collected and dried, and preweighed portions were incubated in containers, most commonly litter bags with variable mesh sizes. Periodically, some litter bags were recovered, the remaining detrital mass was determined, and chemical analyses were performed (e.g. Mason & Bryant 1975 , Godshalk & Wetzel 1978 , Morris & Lajtha 1986 ; for review see Brinson et al. 1981) . Decomposition under these conditions deviates from the natural process, and some of these modifications profoundly influence its course (Bärlocher 1997). Emergent macrophytes typically do not abscise leaves or stems. A substantial proportion of the biomass remains attached after senescence, and decomposition is initiated while leaves are still exposed to the air. Davis & van der Valk (1978, p. 663) emphasized that 'any study of emergent macrophyte decomposition … must recognize the fact that the processes involved begin in an aerial environment and conclude in an aquatic environment'. Or, as Newell (1993, p. 307) put it, decomposition is initiated in a 'standing-dead' state. When Spartina alterniflora leaves were dried and submerged in litter bags or ground to a powder, bacteria dominated microbial biomass, and fungi were believed to play a negligible role (Benner et al. 1984 , Moran & Hodson 1990 ). This clearly contradicted microscopic examinations of naturally collected leaves, which revealed a high density of fungal reproductive structures in the form of ascoma (Newell & Hicks 1982) . and solved this apparent paradox using a simple but ingenious technique. They tagged individual S. alterniflora leaves with electrical cable ties and compared their fate to that of dried leaves in submerged litter bags. fungi as part of the microbial loop'). CPOM: coarse POM When decomposition proceeded under more natural conditions (in a standing-dead state), the biomass of fungi greatly exceeded that of bacteria. These hugely influential papers emphasized the need for careful consideration of the prevailing conditions during decay (Newell 1993 (Newell , 1996 . While most of the early work was done in saltmarshes, the same principle applies to freshwater marshes and to the littoral zones of lakes. Newell et al. (1995) showed that in the Okefenokee Swamp, Georgia) fungal production greatly exceeded bacterial production on leaves of Carex walteriana decaying naturally in an upright, aerial position. As leaves fall and break into particles, there was a trend toward bacterial dominance. Aerial macrophyte detritus has long been known to support a diverse community of terrestrial Ascomycetes and anamorphic fungi, which changes in a predictable manner when the substrate is submerged (Pugh & Mulder 1971 , Apinis et al. 1972a ,b, Ellis & Ellis 1985 . Fungi on aerial macrophyte structures have clearly adapted to the rigors of their environment by a high xerotolerance. Kuehn et al. (1999 Kuehn et al. ( , 2004 ) demonstrated a rapid positive response of fungal respiration to humidity, which fluctuates on a daily basis. Fungi on the emergent macrophyte Juncus effusus adjusted their concentrations of osmoregulatory polyols and trehalose to plant litter water potential (Kuehn et al. 1998) . Ecologists ignored the first aerial phase and concentrated on submerged litter bags to follow decomposition (Polunin 1984) . By tagging individual leaves, Bärlocher & Biddiscombe (1996) showed that decomposition of Typha latifolia leaves begins well before the end of the growing season, and that most senescent and dead leaves lose weight while still attached and exposed to the air. Some leaves remained upright and attached throughout the winter, and 10 to 20% were still in that state 1 yr later, indicating a very prolonged aerial phase. Ergosterol levels (an indicator of fungal biomass) were up to 6× greater in naturally decaying aerial leaves than in predried leaves submerged in litter bags. In recent years, several researchers have studied decomposition of emergent macrophyte detritus under more natural conditions, i.e. while leaves or stems were still exposed to the air (for review see Kuehn 2008). The main emphasis has been on comparing biomasses and productivities of fungi and bacteria. Only a few studies have investigated the timing and dynamics of this transition (e.g. , Bär-locher & Biddiscombe 1996 , Gessner et al. 1996 , Samiaji & Bärlocher 1996 . However, a number of studies consistently demonstrated that in the initial aerial phase of macrophytes in marine or freshwater marshes, fungal biomass and production typically exceed those of bacteria by a ratio of at least 9:1 (for reviews see Gessner et al. 1997 , 2007 , Kuehn 2008 . There are consistent spatial (e.g. tip vs. basis of leaves, stems), temporal (senescent vs. dead), and substrate-specific (e.g., leaves vs. stems) differences in these ratios (Kuehn 2008) . When standing plant litter of J. effusus was submerged, microbial biomass and production declined, but fungal decomposers remained dominant (Kuehn et al. 2000) . Similarly, Mille-Lindblom et al. (2006a) found higher ergosterol levels on aerial than in naturally submerged parts of Phragmites australis, Schoenoplectus lacustris, and Nuphar lutea in 10 Swedish lakes. Litter properties explained 78% of the variation in microbial variables, while lake water chemistry accounted for 20%. As in similar studies, it must be remembered that ergosterolbased methods only capture 'higher' fungi and miss the contributions of other fungal and fungus-like groups.
Fungi and bacteria clearly share a common substrate, and their close proximity can lead to synergistic or antagonistic interactions (Bengtsson 1992 , MilleLindblom et al. 2006b ). Antagonistic interactions appear to be based on interference competition involving allelochemicals, which may play a decisive role in the early stages of colonization. Howe & Suberkropp (1993) described mycoparasitism on aquatic hyphomycetes by the fungus Crucella subtilis. Synergistic effects add to fungal capacities of attacking plant polymers such as lignin, cellulose, and hemicelluloses (Romani et al. 2006) . Potential functional diversity, however, also exists at the intraspecific level. Several Ascomycetes involved in the decay of Spartina alterniflora leaves yielded multiple laccase types, as characterized by amplification from genomic DNA (Lyons et al. 2003) . It is currently unknown whether multiple intraspecies laccases perform the same function or whether they have different substrate specificities and kinetics. Either way, fungi provide resources that bacteria cannot acquire on their own, most likely intermediate decomposition products released by fungi. Similar mechanisms have also been suggested for the relationships among different fungal species (Bär-locher & Kendrick 1974) and between fungi and leafeating invertebrates (Bärlocher & Porter 1986) . The net effect of interfungal relationships can vary with species and abiotic conditions (for review see .
The initial phase of decomposition is often dominated by leaching (Bärlocher 1997), which is the abiotic loss of soluble ions and molecules from plant detritus and essentially completed within 1 to 2 d. The release of dissolved organic compounds (DOM), however, can continue for weeks, partly maintained by the exoenzymatic release of polymer subunits. The formation and composition of these solutes is strongly influenced by the microbial community (Fischer et al. 2006) . Bacteria actively remove low molecular weight DOM and high molecular weight DOM accumulates.
Leaf-degrading fungi, on the other hand, promoted the accumulation of intermediate molecular weight DOM and are suppressed by bacteria (Fischer et al. 2006) . Some studies have recorded distinct fungal successions during stages of decomposition (Pugh & Mulder 1971 , van Ryckegem et al. 2007 ). Based on microscopic observation of reproductive structures, the initial phase was generally dominated by common phylloplane hyphomycetes and coelomycetes such as Aureobasidium, Cladosporium, Alternaria, and Phoma. At later stages, Ascomycetes and Basidiomycetes became more common, with dominance patterns showing spatial differentiation (e.g. leaf blades vs. leaf sheaths, nodes, or internodes). Only a few studies have applied molecular techniques such as terminal restriction fragment length polymorphism (T-RFLP) or internal transcribed spacer (ITS) clone libraries to examine fungal communities on emergent macrophytes and the results were generally in agreement with those based on traditional methods (Buchan et al. 2002 , Torzilli et al. 2006 ) but yielded greater diversity estimates. Large numbers of diverse taxa, many of them from uncultured species, are documented with molecular approaches (for example on detritus from leaves in freshwater streams or sediments) . Generally, most of the OTUs are quite rare. On Phragmites australis, only 11 out of 350 OTUs occurred at a frequency of > 2% (Neubert et al. 2006) . The significance of the many rare taxa is unknown. Are they simply transients? Are they waiting in the wings, ready to spring into action when the current dominants decline? This may provide some 'insurance' for maintaining ecological functions (portfolio effect) (Yachi & Loreau 1999) .
Much less work has been done on submerged plants. Czeczuga et al. (2005) examined dead and submerged fragments from 22 plant species in a spring, a river, and a pond. Fungal identification was by microscopic examination of antheridia and oogonia of zoosporic fungi and conidiophores and conidia of hyphomycetes. In total, 99 distinct species belonging to the Chytridiomycetes, Oomycetes, Zygomycetes, and Hyphomycetes were observed in the pond. Submerged plants were also a habitat for actinomycetes, which are potential competitors, and Wohl & McArthur (1998) isolated 32 distinct strains from submersed fragments of several macrophytes. Actinomycetes were the dominant chitinoclastic microorganisms on crayfish exoskeletons in streams (Aumen 1980) . The presence of an actinomycete inhibited growth by a true fungus, but a similar effect was found for a chitinless oomycete (Wohl & McArthur 2001) . The effect of Actinomycetes on various hydrolytic enzymes was more variable: depending on enzyme and strains, both stimulation and inhibition were observed. The few reports on aquatic Actinomycetes (e.g. Willoughby 1969 , Cross 1981 , Gavrishova 1981 ) mostly deal with their presence in littoral zones of reservoirs. More recently, the objective has been to discover novel enzymes and metabolites from these organisms (Takizawa et al. 1993 , Jiang & Xu 1996 . The decomposition of submerged or floating macrophytes as well as other submerged plant detritus is still not satisfactorily explained, and questions remain concerning their influence on the detrital food web of the littoral zone and its dynamics. Fish exclusion experiments, for example, had a cascading effect down to fungal biomass in reed litter packs, where the fungal biomass suddenly increased by 43%, after exclusion of large predatory fishes (Mancinelli et al. 2002) . This fish exclusion prevented a trophic cascade only in summer but not in winter, when predatory invertebrates largely replaced fish (Mancinelli et al. 2007 ).
Inner pelagic recirculation of nutrients: fungi as part of the microbial loop
Fungi, as heterotrophic microbiota, are links in the microbial food web, transferring nutrients directly and indirectly to other trophic levels. The inclusion of zoosporic fungi in food web fluxes was first proposed by Sigee (2005) . The parasitic fungi support a direct link between large 'inedible' algae (such as Asterionella) and filter-feeding zooplankton (such as Daphnia) (Kagami et al. 2004) . Kagami et al. (2007) termed it later 'mycoloop'. Lefèvre et al. (2008) proposed a slightly modified food web scheme involving heterotrophic flagellates (HF), in which they included fungal zoospores. They proposed a minor top-down influence of HF on bacteria but emphasized the mycoloop pathway: the utilization of nutrients from sinking or living large algae through HFs as a high quality nutrient source (Kagami et al. 2004 ). Gleason et al. (2008) proposed the inclusion of (1) saprophytic fungi as a further remineralization pathway in aquatic food webs based on all kinds of POM (dead phytoplankton, leaves, pollen, insects and crustacean exoskeletons, cadavers, and other detritus) that might be solubilized, and (2) the potential use of dissolved inorganic compounds (similar to bacteria) as seen in cell cultures. As expected, planktonic fungi are closely associated with the major pelagic surfaces, i.e. all types of aquatic organisms ( Fig. 1) and most likely lake snow (Fig. 2) . During sinking, bacteria actively colonize these organic aggregates, leading to DOM and nutrient release into the surrounding water. In contrast to bacteria, and due to their strong competition in the open water, fungi strictly depend on surfaces or steep gradients to settle (see 'Introduction'), e.g. lake snow aggre-gates. The use of inorganic compounds may then complement nutrient acquisition. In summary, fungi are not separated from, but are an integral part of, the microbial loop (as indicated in Fig. 3 ). We are just beginning to understand the influence of aquatic fungi on the food web, and several important questions emerge: What is the role of pelagic yeasts? What role do fungi play in the diet of protozoa, the 'natural enemies of the fungus' (Sparrow 1960) ? What is the trophic role of fungi colonizing small 'edible' algae? Is there a direct link between fungi and heterotrophic bacteria (Soeder & Maiweg 1969 , Willoughby 1983 ? What are the rates of flux between the various links?
Fungal mediated transformation processes
There is a long tradition of discharging domestic and industrial effluents into rivers. These effluents are often carried downstream to the next lake (Hynes 1971). Fungal biochemical transformations of nutrients and toxins in these effluents are of local and global relevance and often affect other organisms and the mobility of toxic substances. They are therefore of considerable ecological relevance for aquatic food webs. In many fundamental biogeochemical processes fungi play a pivotal role (e.g. Gall et al. 1994 , Venrecchia 2000 , Gadd 2006 , Kolo et al. 2007 ), including organic and inorganic transformations and element cycling, rock and mineral transformations, mycogenic mineral formation, fungal-clay interactions, and metal-fungal interactions. Since aquatic fungi possess extremely diverse enzymatic capabilities (Zemek et al. 1985 , Adrio & Demain 2003 , Rosa & Gabor 2006 including the ability to degrade natural and anthropogenic polymers (see e.g. Abdullah & Taj-Aldeen 1989), we will only give a few examples on specific processes of particular importance for lake ecosystems.
Oxidation of Mn
Enzymatic oxidation of Mn(II) produces insoluble Mn(III, IV) oxides. Aquatic fungi have been shown to be responsible for the occurrence of natural Mn oxide (Miyata et al. 2007 and references therein). Unique features of biogenic Mn oxides are their high sorption capacity for metal cations and their ability to oxidize numerous inorganic and organic compounds. Studies on Ascomycetes point to a high similarity between bacterial and fungal Mn(II) oxidation: both groups use multicopper oxidase-type enzymes as catalysts and layer-type Mn(IV) oxides as reaction products. The ability to oxidize Mn(II) has been demonstrated for most species of Phoma or Paraconiothyrium (Coniothyrium) isolated from stream and wetland sediments (Takano et al. 2006) . However, further laboratory and field studies are needed to evaluate their potential for remediation of habitats and effluents contaminated with toxic metal(loid) ions. Berg et al. (2007) suggest that Mn concentrations in leaf litter influence litter mass loss rates in the late decomposition stages (up to 5 yr). This may be due to the fact that manganese peroxidase is produced by a variety of wood-degrading Basidiomycetes and saprophytic fungi in soil. The enzyme oxidizes Mn(II) to highly reactive Mn(III) ions, which are stabilized by fungal organic acids until the Mn(III) ions are used to attack the phenolic structures of lignin and humic matter (Steffen et al. 2002) .
Humic matter degradation
Humic substances are among the most abundant and important biopolymers in aquatic ecosystems, and fungal laccases are involved in the transformation of a wide variety of phenolic compounds such as polymeric lignin, humic substances, and xenobiotics (see e. (Claus 2003) . Most ligninolytic fungal species constitutively produce at least one laccase isoenzyme, and laccases dominate ligninolytic enzymes in the soil environment. In freshwater ecosystems, fungi have a high capacity for the decomposition of plant polymers such as lignin, cellulose, and hemicelluloses (Romani et al. 2006) . In contrast, activities of key enzymes in the degradation of lignin and cellulose (phenol oxidase and cellobiohydrolase) were undetectable when bacteria were grown alone. Romani et al. (2006) further suggest that fungi provide bacteria with resources that the bacteria were unable to acquire on their own, most likely intermediate decomposition products. Hofrichter & Fritsche (1996 demonstrated that several wood and litter decaying Basidiomycetes can even depolymerise the high molecular mass fractions of coal humic acids by forming fulvic acid-like compounds using an array of oxidases and peroxidases. Conversely, fungi also form humic substances. These resemble natural aquatic humic matter but contain more aliphatic constituents (carbohydrates, peptides) and fewer aromatic structures (Claus et al. 1999) . The 13 C and 15 N isotopic contents of the microbially produced humic substances varied with the microbial inoculum and the type of organic substrates used, indicating that anabolic processes are mainly responsi-ble for the humification. Interestingly, in deep-sea sediments, fungal hyphae actively form aggregates containing humic substances, carbohydrates, and proteins (Damare & Raghukumar 2008) . Damare & Raghukumar (2008) even suggest that fungi in these sediments may be involved in humic aggregate formation by processes very similar to those in terrestrial sediments, and point to their relevance for carbon sequestration.
Chitin degradation
Another important and abundant biopolymer in aquatic ecosystems is chitin (Reisert & Fuller 1962) in arthropod exoskeletons arthropods and fungal cell walls. The exoskeleton of zooplankton can be densely colonized by aquatic fungi (Czeczuga et al. 2000) , particularly when chitinolytic bacteria are suppressed by antibiotics (Tang et al. 2006) . Pure chitin was used to isolate 19 species of chitinophilic aquatic fungi (Sparrow 1960) , and 95 zoosporic fungus species were found on the fragments of benthic crustaceans in various Polish waters (Czeczuga & Godlewska 1999) . Microbial chitinases catalyze the hydrolysis of chitin, an unbranched polymer of 1, 4-N-acetylglucosamine. Thus, chitinases play an important physiological and ecological role in ecosystems by generating carbon and nitrogen sources (Cohen-Kupiec & Chet 1998). Chitinases and chitosanases are also involved in autolytic, morphogenetic, or nutritional processes, rendering them important for pathogenesis and symbiosis (see e.g. Gooday 1990 ).
Degradation and detoxification of water pollutants
The exceptional enzymatic capabilities of aquatic fungi have led to their broad use in biotechnological applications (Adrio & Demain 2003) , including the degradation and detoxification of many organic and inorganic water pollutants. For example, studies on the aquatic hyphomycete Heliscus lugdunensis suggest a role of aquatic fungi in the environmental fate of aquatic pollutants (Augustin et al. 2006) . When adding weathered kerosene spiked with naphthalene, pristane, 1,13-tetradecadiene, and n-hexadecane to water-sediment mixtures from 3 lakes in the USA, microbial metabolization of each hydrocarbon was demonstrated. Naphthalene was the most readily metabolized compound, and pristane the most resistant (Cooney et al. 1985) . Other studies have demonstrated that many fungi are involved in the degradation of organohalogens , Romero et al. 2006 ) and aromatic hydrocarbons including many pesticides as well as azo and anthraquinone dyes (e.g. Mills et al. 1971 , Hodkinson 1976 , Cerniglia et al. 1992 , MacGillivray & Shiaris 1993 , Müncnerová & Augustin 1994 , Cerniglia 1997 , El-Hissy et al. 2001 , Prenafeta-Boldu et al. 2006 , Hesham et al. 2006 , Martin et al. 2007 , Junghanns et al. 2008 . As expected from their vast enzymatic potential, fungi have been found to utilize a huge variety of additional organic pollutants, even including volatile aromatic hydrocarbons as the sole source of carbon and energy (Prenafeta-Boldu et al. 2006 and references therein). However, ubiquitous fungi can also be responsible for chlorination of lignin with implications for global organochlorine production (Ortiz-Bermúdez et al. 2007) . Besides organic pollutants, inorganic pollutants such as heavy metals have a pronounced effect on activity and diversity of microbial communities (Duarte et al. 2008 ) and in a stream sediment fungi have been found to be superior to bacteria in sequestration of cadmium (Massaccesi et al. 2002) . A more specific study testing the Cd stress response of the aquatic hyphomycete H. lugdunensis at the thiol peptide level revealed that 0.1 mM Cd increased the glutathione (GSH) content and induced the synthesis of additional thiol peptides (Jaeckel et al. 2005) . Further, the simultaneous induction of metallothionein and phytochelatin, which were accompanied by an increase in GSH level, indicates a potential function of these complexing agents for in vivo heavy metal detoxification. These findings imply that fungi can well adapt to heavy metal contaminated waters where they play an important ecological role in organic matter, nutrient, and energy cycling.
METHODOLOGY FOR CHARACTERIZING FUNGI WITHIN THEIR ECOSYSTEM
Conventional methods for studying fungi in aquatic ecosystem include microscopic and pure-culture approaches, mainly based on fungal propagules or sporangia (e.g. Czeczuga et al. 2005) . In recent years, molecular methods such as clone libraries, fingerprint analysis, and phylogenetic trees have increasingly been used in aquatic mycology to include the 'unculturable' and sterile (i.e. non-reproductive) fraction of environmental species. Bärlocher (2007) reviewed molecular methods that have been applied to aquatic hyphomycetes and emphasized their growing importance. For lake ecosystems, a combination of these new methods with conventional approaches is vital, because descriptive work forms the basis for most ecological questions. Here we give a short overview on promising new approaches and how to circumvent associated problems.
Microscopical examinations
The in situ examination of fungi in a sample gives valuable information about spatial distribution, biovolume, generation cycles, and abundance of fungi, parameters that are difficult to characterize solely with molecular tools. Therefore, the continued use and development of reliable microscopical methods is essential for environmental microbiologists. Due to the phylogenetic heterogeneity of aquatic fungi (from ancient zoosporic fungi to more recently evolved aquatic hyphomycetes), this is not a trivial undertaking. Classical staining protocols for fungal hyphae with various dyes are listed on the web site of the University of Adelaide (www.mycology.adelaide.edu.au/, also listed in Ellis et al. 2007 ). The new generation of dyes consists of sensitive fluorophores, which are especially useful for filamentous forms and yeasts. Reliable dyes for fungal cell wall components are Calcofluor White, labelled lectins (Robin et al. 1986 , Schüßler et al. 1996 , species-specific labelled monoclonal antibodies for cell wall components (Bermingham et al. 1995) and for widely occurring fungal glucans (Marshall et al. 1997 , Rachini et al. 2007 ), or a labelled chitin binding domain (New England Biolabs) for in situ staining of chitin (C. Wurzbacher unpubl. data). Two staining methods were recommended by Kagami et al. (2007) for zoosporic chytrids: Calcofluor White for effective staining of sporangial and rhizoid cell walls and Nile Red combined with DAPI for staining lipids and cell nuclei of fungal zoospores. For identification of active cells (tested mainly for yeasts) FUN-1 (Molecular Probes) (Millard et al. 1997 ) is commercially available. Hickey et al. (2005) reviewed other fluorescent dyes appropriate for live cell imaging of fungi. Unfortunately, these stains are often not fungus-specific (e.g. Calcofluor White detects β(1, 4)-and β(1, 3)-glycosidic bonds of β-D-glucopyranose-polymers such as glucan, cellulose, chitin, murein, pseudomurein), but combined with morphological features fungi can often be easily recognized. Nevertheless, melanized cells and chytrid zoospores remain problematic. Melanized cell walls often remain inaccessible to dyes that target cell wall components such as chitin or glucan (C. Wurzbacher pers. obs.), and the same is true for chytrid zoospores, which lack cell walls and are thus difficult to differentiate from flagellates using Nile Red and DAPI alone.
Applying fluorescence in situ hybridization (FISH) to environmental samples
Another microscopical approach adressing phylogeny and, to a limited extent, activity, is fluorescence in situ hybridization (FISH) with labeled ribosomal RNA (rRNA) oligonucleotide probes. This method has become standard in environmental microbiology and is used to quantify taxonomic groups of prokaryotes in situ. In preliminary studies, the method has been applied to fungi on leaves collected from a stream using probes targeting mitochondrial rRNA (McArthur et al. 2001) . The hybridization of fungi from cultures and also from environmental leaf samples was successful, but strong autofluorescence of the substrates and other methodological constraints interfered with image analysis. Baschien et al. (2001 Baschien et al. ( , 2008 came to similar conclusions with probes targeting the fungal ribosomal small and large subunit (SSU and LSU) sequences. Signals could only be detected with a highly sensitive confocal laser scanning microscope. In these studies, different intensities in neighboring cells of a single hyphae were observed (also seen with eukaryotic probes in Gonçalves et al. 2006) , which may imply differential metabolic activities of the targeted mycelia or different cell wall permeabilities for the probes. The phenomenon is also consistent with the hypothesis of migratory fungal cytoplasm, which would be highly relevant when measuring fungal activities (for review see Klein & Paschke 2004) .
For Chytrids no suitable probe has been developed yet, but several attempts are in progress (T. SimeNgando pers. comm.). If successful, this would greatly help in measuring abundance and biomass of planktonic fungi. A preliminary solution may be the use of more generalized probes (Table 1) , such as PF2 (Kempf et al. 2000 , Scupham et al. 2006 or eukaryotic probes such as EUK516 or EUKb-Mix (Amann et al. 1990 , Baker et al. 2003 .
More work has been invested in yeasts. For ubiquitous Aureobasidium pullulans, a good signal was achieved by multilabelled probes following enzymatic digestion of cell walls (Li et al. 1997 , Spear et al. 1999 . Kempf et al. (2000) developed probes for the in situ detection of fungal pathogens in blood. More recently, Inacio et al. (2003) generated a map of the variable regions D1 and D2 located in the ribosomal RNA of the LSU for its accessibility for fluorescently labeled probes, which was later extended to other variable regions in the LSU (Röder et al. 2007) . A similar map exists for the SSU sequence (Behrens et al. 2003) , enabling the development of probes for other fungal taxa (Baker et al. 2004 ). When designing new probes for fungal groups, these maps may provide a useful starting point, and the software package ARB (http://www.arb-home.de/; see Ludwig et al. 2004) can be used as a suitable probe design tool that also considers secondary structures of rRNA sequences.
In any case, low signal intensities remain problematic. Enzymatic signal amplification, successful for gram-positive bacteria in lakes (Sekar et al. 2003) , is still not feasible for environmental samples (Spear et al. 1999 , Baschien et al. 2008 . This is probably due to cell wall penetration problems and low transparency of hyphae and substrate (e.g. melanized cells or lignified substrate). Enzymatic cell wall digestion (targetting chitin or glucan) and chemical postfixation agents can improve the diffusion of molecular probes (Spear et al. 1999 , Cimino et al. 2006 . Transparency is usually achieved with harsh chemical preparations, which jeopardizes the integrity of labile in situ rRNA. This leaves microtome cuts as a possible solution for highlighting fungal activity in optically dense substrates, such as leaves or macrophytes, although patchy colonization can produce misleading estimates. A detailed description of several FISH methods for prokaryotes and similar problems in soil environments was reviewed by Schmid et al. (2006) .
Fingerprint methods and OTUs
FISH is not the only molecular approach yielding insight into fungal diversity and dynamics. Another method, derived from clinical and environmental microbiology, is the analysis of ribotype diversity of a given community or sample. A polymerase chain reaction (PCR) with appropriate kingdom-or phylumspecific primers of ribosomal genes often reveals sequence patterns that can be analyzed by downstream applications such as denaturing (temperature) gradient gel electrophoresis (D/TGGE), T-RFLP, or automated ribosomal intergenic spacer analysis (ARISA) (Nikolcheva et al. 2003 , Nikolcheva & Bär-locher 2004 , Torzilli et al. 2006 ). These complement cultivation-based methods (Mills et al. 2002 , Gadanho & Sampaio 2004 . Fingerprint methods allow comparisons of community patterns in a spatial gradient or in a progressive succession of a distinct habitat and have been used to examine the mycoflora on submerged leaves in rivers , Raviraja et al. 2005 , Das et al. 2007 ) and to access difficult habitats such as groundwater (Solé et al. 2008) . In lake ecosystems, these molecular fingerprints have only been applied in a few cases to fungi: for community profiling during algae and zooplankton degradation (van Hannen et al. 1999 , Tang et al. 2006 ) and for determining the diversity of fungi on macrophytes (Mille-Lindblom et al. 2006a) . Fingerprint techniques can also be used to differentiate between isolates (Libkind et al. 2003) or to screen clone libraries (Neubert et al. 2006 ). Common targets are ribosomal genes, and numerous primers are available for SSU, ITS, and LSU sequences (see Table 1 for the most common primers). Since DGGE patterns typically reveal only the most abundant phylotypes (≥1%), clone libraries have been used for a more comprehensive assessment of fungal or eukaryotic diversity. Sequential filtration of water samples allows focusing on the most promising size fractions, which, for example, has led to the molecular rediscovery of the planktonic chytrids (Lefranc et al. 2005 , Lepère et al. 2006 , 2007 , Lefèvre et al. 2007 , Chen et al. 2008 . Clone libraries and molecular fingerprints are ideal for gaining an overview on the fungal flora of a distinct, defined habitat (e.g. anoxic sediment) (Takishita et al. 2007 ) and provide a firm basis for further phylogenetic and functional studies.
Databases, sequences, and primer-coverage
FISH analysis and PCR-based methods require highly specific oligonucleotide primers with low bias (Anderson et al. 2003) . All these molecular tools are highly dependent on the chosen oligonucleotide sequences. Thus, the applicability of oligonucleotides strongly depends on the quality of the dataset used to design them. Many common primer pairs exclude certain fungal taxa (see Table 1 ) and should be used with caution. In addition to ribosomal genes and their intergenic spacers, which have often been used for fungi, primers target ribosomal and mitochondrial genes, or the β-tubulin gene. A large set of fungal primers can be found on the web sites of Lutzoni's (www.lutzonilab.net/) and Bruns (http://plantbio. berkeley.edu/~bruns/) laboratories. Mitchell & Zuccaro (2006) summarized primers used in environmental studies. The ribosomal genomic DNA region of fungi contains highly variable locations suitable for phylogenetic analysis and fingerprint methods. Whereas the SSU (17-18S) and 5.8S sequence are rather conservative, the ITS, IGS, and LSU (24S-26S) regions can be highly variable in base composition and sequence length. For filamentous fungi the SSU and the ITS regions are commonly used for fingerprint methods and phylogenetic analysis, whereas for yeasts most studies have relied on variable LSU regions, which allow differentiation among almost all described species (Fell et al. 2000) . A major problem of these approaches continues to be the scarcity of representative sequences in public databases. The SILVA rRNA database project (Pruesse et al. 2007) provides the first quality-checked database for eukaryotes that can be used as a basis for phylogenetic trees or to develop adequate primers and probes. The eukaryotic dataset for fungi is far from complete: from 65403 fungal entries in the primary database of LSU sequences, only 1068 quality checked sequences are provided in the tree; and for SSU sequences 8356 revised sequences from 35190 primary entries are present in the tree. ITS data are entirely absent in the database. Nevertheless, all 3 regions have been used for clone libraries and community fingerprints (e.g. SSU: Lefèvre et al. 2007 , Nikolcheva et al. 2003 , ITS: Raviraja et al. 2005 , Neubert et al. 2006 and LSU: Schadt et al. 2003 , Gadanho & Sampaio 2004 . The SSU region has only limited phylogenetic resolution below the genus level. In contrast, the ITS has high resolution and is often used for species identification, but is problematic for building realistic phylogenetic trees because of its length polymorphism and vulnerability to inversions and deletions. The LSU is more stable than ITS with a similar phylogenetic resolution in its divergent domains (e.g. D1, D2, D7, D8) (Röder et al. 2007) and is often suitable for species identification (see e.g. Sampaio et al. 2007 ). In difficult cases, both regions have been used for identification of isolates (Butinar et al. 2007 ).
Quantifying fungal biomass
Quantifying fungal biomass and growth is of great importance for microbial ecologists, and the main approaches have been reviewed elsewhere (Newell 1993 , Gessner & Newell 2002 , Klein & Paschke 2004 , Suberkropp 2008 . The major emphasis has been on comparing biomasses and productivities of fungi and bacteria. For fungi, ergosterol is used as indicator molecule and has largely replaced direct measurements of cell biovolumes with the microscope. Ergosterol is part of the fungal membrane, occurs in a relatively constant ratio to total biomass, and is largely restricted to living cells of higher fungi (Ascomycota and Basidiomycota) . However, it may persist after fungal death when protected from light (Mille-Lindblom et al. 2004) . Many Zygomycetes and all Chytridomycetes (as well as Oomycetes) do not contain ergosterol and are therefore not measured -a potential gap in our knowledge of aquatic fungi sensu lato. To fill this gap, Chytrid biomass could be estimated by FISH, combined with microscopic measurements of cell size. Fluorescent dyes can contribute to total biomass estimates detecting cell wall components such as chitin, glucan (Rasconi et al. 2009 ), or protein activity (Klein & Paschke 2004 and references therein) . Highly sensitive molecular tools are suitable for quantifying fungal, bacterial, and archeal genes of environmental samples (Manerkar et al. 2008) , although optimization is still needed. Conversely, our estimates of 'bacterial' productivity do not differentiate between Bacteria and Archaea, and Archaea appear to be present wherever we look for them, e.g. on leaves decaying in streams (Manerkar et al. 2008) or submerged in lakes (Chan et al. unpubl.) . Bacterial and archaeal biomass is measured after litter has been treated with sodiumpyrophosphate and ultrasound to detach the cells (Büsing & Gessner 2002) . This procedure might be error-prone because it lyses sensitive fractions of prokaryotic cells and neglects filaments and cells growing within the substrate. However, the simultaneous quantification of the 3 microbial groups seems an important step toward a better understanding of degradation processes coupled with microbial colonization in general. A promising method, which can be coupled with the use of sta- ble isotopes for production measurements, is PFLA analysis (Hedrick et al. 2007 ). It has been used for sediments and terrestrial ecosystems. Although the interpretation is still critical, simultaneous measurements of living microbial cells of different groups is possible. However, PFLA analysis remains to be evaluated for aquatic fungi.
Further methods of great potential
Quantitative real-time PCR has the potential to measure marker genes down to a few hundred copies. Ideally, it should run with a single-copy gene (therefore, ribosomal genes are not recommended) and a fragment length of under 250 bp (Perez-Osorio & Franklin 2008) . Different microbial groups could be measured, in combination with multiplex PCR, simultaneously. In addition to ergosterol measured via HPLC, other biomolecules could help to estimate total fungal biomass: Glucan is the major cell wall constituent of fungi, and a commercialized test system (Glucatell) exists but has yet to be tested with environmental samples. Chitin also occurs in all true fungi (Eumycota), though at varying levels, but is considered unsuitable due to a lack of sufficiently sensitive methods . When chitin is hydrolyzed to its monomers, it is possible to calculate fungal and bacterial biomass simultaneously via HPLC (Appuhn 2004 , Klein & Paschke 2004 and references therein). The suitability of this method for aquatic mycology, however, remains to be evaluated. Despite the high potential of molecular biology for aquatic mycology, all the information we obtained from samples via sequencing lacks context without species identifications coupled to a reliable, comprehensive database. So far only a tiny proportion of validly described aquatic fungi is represented in molecular databases. For example, from the 1300 known Chytrid species only 73 sequences of classified species are present in the SILVA SSU database. This is an enormous drawback when trying to interpret sequence data obtained during a field study, and matching them with, for example, species descriptions from Sparrow's monograph (1960) . 'New' phylogenetic clades such as LKM11, based exclusively on environmental sequences, might include known species. For combining conventional techniques with molecular tools in addition to FISH, laser microdissection microscopy (LMDM) seems ideal. This procedure would allow coupling morphological species identification or description with molecular identification. Similar to the LMDM, the use of micromanipulators permits studying interspecies relationships independent of experimental setups and may help connecting species to their natural substrate preferences. Conventional studies, based on microscopical examination and identification (Czeczuga et al. 2005 , van Ryckegem et al. 2007 ) can be used to update sequence databases and to complete original descriptions with molecular definitions.
Of course, we cannot ignore new molecular tools such as metagenomics and transcriptomics for future research: they can give us a glimpse into the overall genetic diversity that is present and or active (Bhadauria et al. 2007) . If the emphasis is narrowed to a defined experimental system with known isolates, this may help to identify key processes of geochemical cycles. More insight into diversity can also be gained if the information is reduced to ribosomal genes or rRNA by ribotag sequencing, as has been done for soil microbes (Urich et al. 2008 ). On the other hand, meta-sequence data require intensive bioinformatic postexperimental work and additional personnel, which greatly reduces its practicality. A cost-saving alternative could be the use of chips, based on microarray technology for phylogenetic groups or for functional genes (He et al. 2007 , Shimoyama et al. 2009 ). Once available, this could rapidly characterize the mycoflora of a habitat of interest. In the foreseeable future, however, many fundamental questions in aquatic mycology in lakes remain that can be approached with a combination of traditional and well-established molecular methods.
CONCLUDING REMARKS
Fungal habitats in lake ecosystems are numerous, diverse, and often hidden. Not only fungal diversity but also important energy transformation processes related to fungal activities need to be scientifically assessed. Although emergent macrophytes have been well studied in respect to fungi, many potential fungal habitats and mechanisms remain understudied. These include submerged and floating macrophytes, nutrient circulation in the pelagic zone, and fungal activities and occurrence in anoxic and oxic lake sediments. Fungi in lake ecosystems can be divided into 2 major morphological forms: (1) filamentous fungi dominating the littoral zone and (2) unicellular fungi dominating the pelagic zone (Fig. 3) . The limnetic energy transfer is mainly mediated by particles: CPOM and FPOM. CPOM provides an ideal organic matter matrix for filamentous fungi to grow and scavenge nutrients after hyphal penetration of the particles. Thus, in addition to physical processes, filamentous fungi accelerate CPOM remineralisation leading to the formation of FPOM. These particles are usually too small to sustain growth of filamentous fungi and can rapidly transfer into the pelagic zone. However, FPOM provides a good substrate for unicellular fungi, which are well adapted to penetrate small particles with short rhizoids. Therefore, the abundance of both fungal morphotypes depends greatly on the quantity of CPOM and FPOM (Fig. 3) . This 'morphotype concept' can also be applied to shallow and deep lakes (Fig. 4) . The fungal flora will thereby be dominated by either one or the other morphotype, mainly depending on the number and structure of microhabitats with different effects on food web dynamic as well as nutrient and energy cycling. For example, shallow lakes are dominated by a dense coverage of macrophytes that aerate the sediment via their aerenchyma and can serve as mycorrhizal hosts for filamentous fungi (see Table S1 in the supplement, Fig. 4) . Most of the interactions depicted in Fig. 4 have been discussed in the present study (see also Table S1 in the supplement). However, many important questions related to occurrence, diversity, and ecological role of fungi in lakes remain unanswered, and we strongly encourage further research in aquatic mycology. In particular, a clever combination of microscopical, molecular, and analytical techniques seems to provide a powerful tool to simultaneously unravel diversity and the ecological role of fungi in aquatic systems. According to the famous yeast specialist H. J. Phaff: 'Ecology is the most exciting aspect of yeast biology'. In his interpretation, ecology focuses on 'how yeasts interact with other organisms, but more importantly, where they live, and why they live there' (Lachance 2003, p. 166) . Today, many tools and methodological approaches are available to study the fascinating diversity of fungal lifestyles and their ecological roles in lake ecosystems. 
